Enterovirus 71 (EV71) and coxsackievirus A16 (CA16) are the two most common etiological agents responsible for the epidemics of hand, foot, and mouth disease (HFMD), a childhood illness with occasional severe neurological complications. A number of vaccine candidates against EV71 or CA16 have been reported; however, no vaccine is currently available for clinical use. Here, we generated a secreted version of EV71 and CA16 virus-like particles (VLPs) using a baculovirus-insect cell expression system and reconstructed the three-dimensional (3D) structures of both VLPs by cryo-electron microscopy (cryo-EM) single-particle analysis at 5.2-Å and 5.5-Å resolutions, respectively. The reconstruction results showed that the cryo-EM structures of EV71 and CA16 VLPs highly resemble the recently published crystal structures for EV71 natural empty particles and CA16 135S-like expanded particles, respectively. Our cryo-EM analysis also revealed that the majority of previously identified linear neutralizing epitopes are well preserved on the surface of EV71 and CA16 VLPs. In addition, both VLPs were able to induce efficiently neutralizing antibodies against various strains of EV71 and CA16 viruses in mouse immunization. These studies provide a structural basis for the development of insect cell-expressed VLP vaccines and for a potential bivalent VLP vaccine against both EV71-and CA16-associated HFMD.
H
and, foot, and mouth disease (HFMD) most frequently occurs in infants or children under 5 years old. Although most cases are mild and self-limited, HFMD can in some cases cause severe symptoms, such as myocarditis, pulmonary edema, and central nervous system complications ranging from flaccid paralysis to fatal encephalitis (1, 2) . The recent epidemics of HFMD led to serious public health threats in the Asia Pacific region. In China, 1.16 million and 1.77 million cases of HFMD, including 353 and 905 deaths, were reported for 2009 and 2010, respectively (3) . Etiologic studies revealed that enteroviruses, especially enterovirus 71 (EV71) and coxsackievirus A16 (CA16), are the most common causative agents responsible for HFMD epidemics (4) (5) (6) . A clinical survey of the 2009 HFMD outbreak in mainland China revealed that EV71 and CA16 accounted for 50.4% and 38.3% of the 266 cases positive for human enteroviral infection (6) . Another clinical study to investigate the relationship between pathogens and the ensuing nervous system complications in HFMD cases showed that EV71 and CA16 accounted for 70.7% and 20.7%, respectively, among 92 patients with neurological complications (7) .
Continuing outbreaks of HFMD in recent years spurred the search for effective vaccines against enteroviruses, in particular, for EV71 and CA16 viruses. Various candidates against EV71 or CA16 virus, including inactivated vaccines (3, (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , live attenuated vaccines (23, 24) , subunit vaccines based on the VP1 protein (25), virus-like particle (VLP) vaccines (26) (27) (28) (29) (30) (31) (32) (33) (34) , and epitopebased vaccines (35) (36) (37) (38) (39) , were shown to possess various levels of efficacy in animal studies or human clinical trials. In particular, inactivated EV71 vaccines showed promising results against EV71-associated diseases in recent phase 3 clinical studies conducted in mainland China (20) (21) (22) . However, the exact efficacy of these vaccines remains to be identified before they can be used widely in the target population. In addition, these vaccines target only EV71 instead of both EV71 and CA16 viruses, the two most important causative agents of HFMD.
As an alternative choice for vaccine candidates, VLP vaccines have the advantages of being highly immunogenic, noninfectious, and accessible to quality control as well as to scaling-up during production. Expression systems based on baculovirus-insect cells are often used for the production of VLP vaccines. Coexpression in insect cells of the P1 (encoding viral structural proteins) and 3CD (encoding viral proteases) genes mimics the early steps of the enteroviral life cycle, including proteolysis of polyprotein, assembly into empty capsid, and generation of VLPs (26, 28, 29, 33) . Both EV71 and CA16 VLPs consist of 60 copies for each of the capsid proteins, VP0, VP1, and VP3, which follow a P ϭ 3 icosahedral arrangement. Previous studies showed that both EV71 and CA16 VLPs can elicit potent immune responses and are able to protect immunized mice against lethal challenges with EV71 or CA16 virus (27, 31, 33, 34) . How VLP vaccines mimic their viral counterparts structurally and how the neutralizing epitopes are preserved on the surface of VLPs are issues of big interest for effective vaccine development. In the present study, we expressed a secreted version of EV71 and CA16 VLPs in Sf9 insect cells and determined the three-dimensional (3D) structure of both VLPs using cryo-electron microscopy (cryo-EM) single-particle analysis. We then compared the cryo-EM density maps of EV71 and CA16 VLPs with recently published crystal structures of authentic EV71 and CA16 viral particles (40, 41) and mapped the previously identified linear neutralizing epitopes (35-38) on both VLPs. In addition, we evaluated the immunogenicity and neutralizing antibody responses of both EV71 and CA16 VLPs by immunization of mice. These studies provide a structural basis for the production of VLP vaccines using an insect cell expression system, as well as for the potential development of a bivalent EV71 and CA16 VLP vaccine candidate against HFMD.
MATERIALS AND METHODS
Expression and purification of EV71 and CA16 virus-like particles. The P1 and 3CD gene fragments of EV71 and CA16 were amplified by reverse transcription-PCR (RT-PCR) from the EV71 Fuyang strain (C4 genotype) (2) and CA16 09-7 strain (B1 genotype) (6), respectively. The P1 and 3CD genes were subsequently cloned into a pFastBac Dual vector (Invitrogen) under the control of the polyhedrin and p10 promoters (28). The p10 promoter was then replaced by the cytomegalovirus (CMV) immediately early promoter in order to produce the secreted version of VLPs (26) . Recombinant baculoviruses were then generated using a Bac-to-Bac baculovirus expression system (Invitrogen) according to the instructions of the manufacturer. The expression of EV71 and CA16 recombinant proteins was confirmed by fluorescence-activated cell sorter (FACS) analysis. The EV71 and CA16 VLPs were produced by infecting Sf9 insect cells (4 ϫ 10 6 to 6 ϫ 10 6 cells/ml) at a multiplicity of infection (MOI) of 8 in a suspension culture with SFX-Insect medium (HyClone). The supernatants were collected 3 days postinfection and centrifuged at 20,000 ϫ g for 20 min to remove cell debris. After filtration using a 0.22-m-pore-size filter, the supernatants were then subjected to pelleting through a 30% sucrose cushion at 160,000 ϫ g for 4 h at 4°C. Pellets were resuspended in phosphate-buffered saline (PBS) (pH 7.4) and cleared by centrifugation at 9,300 ϫ g for 5 min. The samples were loaded onto 1.2 g/ml and 1.4 g/ml discontinuous cesium chloride density gradients and centrifuged at 220,000 ϫ g for 20 h at 4°C. Fractions containing VLPs were collected and dialyzed against PBS (pH 7.4). After being concentrated, the VLPs were subjected to analytical ultracentrifugation (AUC) and SDS-PAGE analysis, cryo-EM study, and mouse immunization experiments. All bands visible after Coomassie staining of the SDS-PAGE gel were cut and processed for mass spectrometry analysis (LTQ Orbitrap XL).
Analytical ultracentrifugation. The sedimentation coefficient distributions [c(s)] of EV71 VLPs (0.33 mg/ml) and CA16 VLPs (0.76 mg/ml) in 0.013 M PBS were determined using a Beckman Coulter ProteomeLab XL-I analytical ultracentrifuge with a 4-hole An-60Ti rotor. The absorbance at 280 nm was measured in a continuous scan mode during sedimentation at 6,532 ϫ g in 12-mm double-sector cells at 20°C (measured cell radius from 5.9 cm to 7.2 cm). The program SedFit (42, 43) was used to analyze data in c(s) mode to give an apparent sedimentation coefficient distribution, and the 6th to 95th scans of both EV71 and CA16 VLPs were used for the c(s) calculations.
Cryo-EM imaging and three-dimensional reconstruction of EV71 and CA16 virus-like particles. Aliquots of 3.5 l of purified EV71 or CA16 VLPs were applied to glow-discharged Quantifoil grids (Quantifoil Micro Tools GmbH, Jena, Germany), blotted for 4.5 s in a 100% humidity chamber, and plunged into liquid ethane (cooled by liquid nitrogen) in an FEI Vitrobot Mark IV vitrification robot. Both VLPs were imaged in an FEI 300-kV Titan Krios cryo-electron microscope equipped with a Gatan UltraScan4000 (model 895) 16-megapixel charge-coupled device (CCD). Images were recorded at 300 kV at a calibrated magnification of ϫ160,770, corresponding to a pixel size of 0.933 Å, and the electron dose for each micrograph was approximately 20 electrons/Å 2 . The images of EV71 VLPs were collected by an automated acquisition system, Leginon (44) , and the images of CA16 VLPs were acquired manually. The EV71 particles were selected by the program FindEM (45) embedded in the Appion system (46) , and the CA16 particles were selected using the program boxer in EMAN1 (47) . The initial model for CA16 VLPs was generated by IMIRS (48) , and EMAN2 (49) was used for contrast transfer function (CTF) correction, 2D analysis and refinement, and final 3D reconstruction. For EV71 VLPs, the initial model was generated by filtering the reconstructed CA16 VLP structure to 30 Å, and the subsequent CTF correction, 2D analysis and refinement, and 3D reconstruction were similarly performed in EMAN2 (49) . The resolutions of final maps were assessed by the Fourier shell correlation (FSC) method, with a 0.5-cutoff criterion (50) .
Structure analysis of EV71 and CA16 virus-like particles. UCSF Chimera software (51) was used to visualize the density maps of EV71 and CA16 VLPs, to segment the asymmetric units from the corresponding density maps, and to compare the structural similarities between VLPs and various reported structures of EV71 and CA16 viral particle counterparts (40, 41, (52) (53) (54) . After docking the crystal structures of EV71 natural empty particles (PDB: 3VBU) (41) and CA16 135S-like expanded particles (PDB: 4JGZ) (40) into the EV71 and CA16 VLP density maps ( ϭ 1.00), the correlation coefficient (cc) values from comparisons of the cryo-EM density maps and crystal structures were calculated using "Fit in Map" in UCSF Chimera (51) .
Mouse immunization and microneutralization assay. Groups of 6 female BALB/c mice (6 to 8 weeks old, specific pathogen free [SPF]) were immunized intramuscularly (i.m.) with 2.5 g EV71 or CA16 VLPs (2.5 g EV71 VLPs plus 2.5 g CA16 VLPs for the bivalent vaccine study) either alone or in combination with 100 g alum or 10 g CpG-oligodeoxynucleotides (CpG-ODN) (55) or both in a total volume of 100 l. Mice were boosted with the same regimen 3 weeks later. Serum samples were collected 3 weeks postpriming and 2 weeks postboosting for serological analysis. The animal studies were carried out according to the guidelines of the Animal Care and Use Committee at the National Vaccine and Serum Institute in China. Neutralizing antibody titers were measured by a standard microneutralization assay in 96-well plates. Briefly, pooled sera from each group were diluted 10-fold in M-199 medium, filtered using a 0.22-m-pore-size filter, and heated for 30 min at 56°C to inactivate complement. Serum samples were diluted in 96-well plates by 2-fold serial dilution with M-199 and incubated at room temperature for 1 h with 100 50% tissue culture infective doses (TCID 50 s) of EV71 or CA16 virus. Sera from naive mice at a 1:20 dilution were used as a negative control. Following incubation, 5,000 rhabdomyosarcoma (RD) cells were added to each well and incubated at 37°C with 5% CO 2 . After 7 (for EV71) or 8 (for CA16) days of culturing, neutralizing titers were determined as the highest dilution that could completely prevent cells from displaying cytopathogenic effects.
Cryo-EM density map accession numbers. The cryo-EM density maps of EV71 and CA16 VLPs have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-2607 and EMD-2608, respectively.
RESULTS AND DISCUSSION
Expression, purification, and characterization of recombinant EV71 and CA16 virus-like particles. In an attempt to express EV71 and CA16 VLPs, the genes encoding P1 and 3CD were amplified by RT-PCR from strains EV71 Fuyang and CA16 09-7, respectively. The P1 and 3CD gene fragments were subsequently cloned into the pFastBac Dual shuttle plasmid, under the control of the polyhedrin and p10 promoters, respectively (28) . In order to produce the secreted version of VLPs, the p10 promoter controlling the expression of 3CD was replaced by the CMV promoter (26) . Recombinant baculoviruses were generated using a Bac-toBac expression system (Invitrogen). A suspension culture of Sf9 insect cells was infected with recombinant baculovirus, and the supernatants containing VLPs were harvested 3 days postinfection and subjected to a brief purification by cesium chloride density gradient centrifugation. The purified EV71 and CA16 VLPs were characterized by cryo-EM, analytical ultracentrifugation, SDS-PAGE, and mass spectrometry analysis. Cryo-EM images revealed that both EV71 and CA16 VLPs are about 30 nm in diameter, similar to the sizes of the authentic EV71 and CA16 viruses (Fig.  1A and B) . Analytical ultracentrifugation (AUC) analysis showed that the sedimentation coefficients of both EV71 and CA16 VLPs are about 85S (Fig. 1C and D) , a result that is consistent with previous measurements of EV71 and CA16 empty viral particles (40, 41) , suggesting that both VLPs are empty particles devoid of nucleic acid. SDS-PAGE and mass spectrometry analysis showed that both EV71 and CA16 VLPs consisted mostly of VP0 (35 kDa), VP1 (33 and 30 kDa), and VP3 (27 kDa) capsid proteins and an additional, presumably incompletely processed band, VP0-VP3 (62 kDa) ( Fig. 1E and F) .
Cryo-EM reconstructions of recombinant EV71 and CA16 virus-like particles. Cryo-EM images of EV71 and CA16 VLPs were recorded using an FEI Titan Krios electron microscope. A total of 30,386 EV71 VLPs and 21,403 CA16 VLPs were selected from the cryo-EM images and subjected to 2D alignment and 3D reconstruction by single-particle analysis using the EMAN2 package (49) . The final resolutions for the 3D reconstructions of EV71 and CA16 VLP density maps ( Fig. 2A and B ) are 5.2 Å and 5.5 Å, respectively, as estimated by the Fourier shell correlation (FSC) at the 0.5-cutoff criterion (Fig. 2E and F) (50) . After comparing various reported structures of authentic EV71 and CA16 viral particles (40, 41, 52-54) with our cryo-EM density maps of VLPs, we found that EV71 and CA16 VLPs produced from insect cells exhibit overall architectures highly similar to those of authentic EV71 and CA16 viral particles purified from the virus-infected cells. While the EV71 VLPs display a structure very similar to that of EV71 natural empty particles (PDB: 3VBU) (Fig. 2C) (cc ϭ 0.88), which is slightly larger than that of EV71 mature virus (PDB: 3VBS) (41), the CA16 VLPs show a structure nearly identical to that of CA16 135S-like expanded particles (PDB: 4JGZ) (Fig. 2D) (cc ϭ 0.91) (40) . Both EV71 and CA16 VLP structures display a vertex around the 5-fold axis channel, and surrounding the vertex is a narrow depression known as a canyon ( Fig. 2A and   B ). The structures of the 5-fold vertex and canyon in both EV71 and CA16 VLPs were well resolved in our cryo-EM density maps ( Fig. 2A and B) , into which the crystal structures of EV71 natural empty particles and CA16 135S-like expanded particles can be readily fitted (Fig. 2C and D) . Like other enteroviruses, both EV71 and CA16 VLPs present a propeller feature (56) around the 3-fold axis of symmetry region ( Fig. 2A and B) . The crystal structures of the propellers from authentic EV71 and CA16 virions can also be readily fitted into the corresponding VLP density maps (Fig. 2C  and D) . At the 2-fold axis, both EV71 and CA16 VLPs present channels ( Fig. 2A and B ) measured as 9 ϫ 26 Å for EV71 VLPs and 8 ϫ 27 Å for CA16 VLPs, which are similar to those found in the crystal structures of EV71 natural empty particles (8 ϫ 25 Å) and CA16 135S-like expanded particles (9 ϫ 26 Å) (40, 41) (Fig. 2C  and D) . Together, these results demonstrate that the secreted versions of recombinant EV71 and CA16 VLPs have well-preserved structural characteristics of the EV71 natural empty particles and CA16 135S-like expanded particles, respectively ( Fig. 2C and D) .
Interestingly, we identified three density blocks (extra contiguous densities) in the cryo-EM density map of EV71 VLPs (Fig.  3E ) and two density blocks in that of CA16 VLPs (Fig. 3F ) that are not occupied by the corresponding crystal structures of EV71 natural empty particles (PDB: 3VBU) (41) and CA16 135S-like expanded particles (PDB: 4JGZ) (40), respectively. Among these density blocks, two CA16 VLP density blocks partially overlapped with two of the three density blocks of EV71 VLPs (Fig. 3E and F, cyan and purple arrows). Comparing the cryo-EM density maps of EV71 and CA16 VLPs with the crystal structures of their counterparts, we found that one of the density blocks in the cryo-EM density of EV71 VLPs (Fig. 3E , cyan arrow) could be partially occupied by amino acids 211 to 217 of VP1 protein, which was missing in the crystal structure of EV71 natural empty particles (PDB: 3VBU) but was resolved in that of EV71 mature virus structure (PDB: 3VBS) (41) . Therefore, we postulate that this density block is contributed by amino acids 211 to 217 of VP1 protein of EV71 VLPs (Fig. 3E, cyan arrow) and that the density block of CA16 VLPs located at the same position (Fig. 3F, cyan arrow) is contributed by amino acids 211 to 218 of VP1 protein of CA16 VLPs. The remaining two EV71 VLP density blocks (Fig. 3E , purple and orange arrows) and one CA16 VLP density block (Fig. 3F , purple arrow) are located near the N termini of VP1 protein according to the crystal structure of EV71 mature virus (41) . We therefore hypothesize that these density blocks are contributed by parts of the VP1 N-terminal residues, which were not resolved in the crystal structures of EV71 natural empty particles (41) or CA16 135S-like expanded particles (40) .
Neutralizing epitopes in the recombinant EV71 and CA16 virus-like particles. The preservation of neutralizing epitopes is critical for ensuring high efficacy for good vaccine candidates. We mapped various previously identified linear neutralizing epitopes of EV71 and CA16 viruses onto the density maps of our EV71 and CA16 VLPs. Foo et al. screened synthetic peptides covering the VP1 protein of EV71 and identified 2 linear neutralizing epitopes, SP55 and SP70 (35) . These 2 epitopes are located in the EF and GH loops (Fig. 3E) of VP1, respectively, both of which are well exposed on the surface of EV71 VLPs (Fig. 3A) . Using synthetic peptides spanning the entire EV71 capsid proteins, Liu et al. identified 2 linear neutralizing epitopes, VP1-43 and VP2-28 (37) . The location of VP1-43 overlaps that of SP70, whereas the density of VP2-28 is missing in our cryo-EM structure of EV71 VLPs, possi-bly due to its high flexibility. Using an in silico approach, Kirk et al. identified 4 linear neutralizing epitopes of EV71, D1 (the same as SP70), K1, K2, and K3 (36). K1 covers the major part and several residue extension of the I ␤-strand of VP1 and is not exposed on the surface of VLPs (Fig. 3B ). K2 and K3 are in the N-terminal loops of VP3, which are also buried inside the EV71 VLPs (Fig.  3B) . Using a peptide screening method similar to Foo's, Shi et al. identified 6 linear neutralizing epitopes of CA16 VP1 protein (38) .
Among them, PEP32, PEP37, PEP55, and PEP71 are located in the BC, CD, EF, and GH loops of VP1, respectively, all of which are exposed on the surface of VLPs (Fig. 3C) . PEP63 is present in the G ␤-strand and part of the GH loop, which is not exposed on the VLP surface (Fig. 3D) . PEP91 is located on the VLP surface in the C-terminal loop of VP1 (Fig. 3C) . In addition, the EV71 and CA16 VP2-28 cross-reactive neutralizing epitope (37) was found on the surface of CA16 VLPs, which is located in the EF loop of VP2 and spatially adjacent to PEP71 (Fig. 3C ). Among the epitopes described above, K1, K2, and K3 of EV71 and PEP63 of CA16 are not exposed on the surface of VLPs. These epitopes are also buried inside the authentic viral particles, as shown in their crystal structures (40, 41) , and may be exposed during conformational changes in the process of viral infection. Therefore, compared with the EV71 natural empty particles (PDB: 3VBU) and CA16 135S-like expanded particles (PDB: 4JGZ) (40, 41) , the majority of identified linear neutralizing epitopes are well preserved on our secreted versions of EV71 and CA16 VLPs (Fig. 3A to D) . Given the fact that the EV71 and CA16 VLPs resemble the EV71 natural empty particles and CA16 135S-like expanded particles, respectively, in 3D structures (Fig. 2C and D) , it is reasonable to speculate that, besides the linear neutralizing epitopes, conformational epitopes could be well preserved in the recombinant insect cell-expressed EV71 and CA16 VLPs.
Immunogenicity evaluation of recombinant EV71 and CA16 virus-like particles. To determine the immunogenicity of the secreted version of EV71 or CA16 VLPs, groups of mice were immunized with 2.5 g EV71 or CA16 VLPs alone or in combination with alum or CpG-ODN or both (as a composite adjuvant). The serum samples were collected 3 weeks postpriming and 2 weeks postboosting and were analyzed by microneutralization assays against 4 strains of EV71 and 2 strains of CA16 viruses isolated from Chinese HFMD patients. The neutralizing antibody titers were read as the highest serum dilutions that resulted in 100% protection of RD cells from cytopathogenic effect at approximately 7 to 8 days postinfection. After priming with EV71 VLPs, the antigen group did not elicit neutralizing antibody titers above 1:20 (the minimum dilution tested) against 4 different strains of EV71 virus (Table 1) . However, the neutralizing antibody titers were increased to approximately 1:20 to 1:80 after only one boosting (Table 1) . In contrast to a single use of either alum or CpG-ODN showing no adjuvant effect, the composite adjuvant showed strong immunopotentiating effects after one or two immunizations (Table 1) . After priming with CA16 VLPs, the antigen group elicited neutralizing antibody titers at 1:40 against 2 strains of CA16 virus (Table 2) . After boosting, the neutralizing antibody titers were increased by 2-fold to 1:80 (Table 2) . Alum, CpG-ODN, and the composite adjuvant showed different levels of enhancement on neutralizing antibody titers against both CA16 strains after one or two immunizations; of the three, the composite adjuvant was the most potent (Table 2) .
To evaluate whether a combination of the two VLPs can elicit a neutralizing antibody response to both viruses, groups of mice were immunized with 2.5 g EV71 and 2.5 g CA16 VLPs together or in combination with alum or CpG-ODN or both. After priming, the antigen group did not elicit detectable neutralizing antibody titers against any strain of EV71 or CA16 virus ( Table 3) . The single-adjuvant groups, i.e., those immunized with alum or CpG-ODN alone, showed weak or no immunopotentiating effects after priming, while the composite-adjuvant group elicited neutralizing antibody titers of from 1:160 to 1:320 against all strains of EV71 and CA16 viruses (Table 3 ). After boosting, the neutralizing antibody titers of the antigen alone and CpG-ODN adjuvant groups were increased to approximately 1:20 to 1:160 for all strains of EV71 virus but were still undetectable for both strains of CA16 virus (Table 3 ). In contrast, both the alum adjuvant group and the composite-adjuvant groups elicited neutralizing antibody titers of from 1:40 to 1:640 against all strains of EV71 and CA16 viruses; of the two, the composite adjuvant was the most potent (Table 3 ). These results suggest that a bivalent VLP vaccine against both EV71-and CA16-associated-HFMD, which is more desirable than a monovalent EV71 or CA16 VLP vaccine candidate, is feasible.
Conclusion. In summary, the present study demonstrated that the insect cell-expressed, secreted versions of recombinant EV71 and CA16 VLPs highly resemble EV71 natural empty particles and CA16 135S-like expanded particles, respectively, in their 3D structures and are able to elicit neutralizing antibodies in mouse immunization. These results provide a structural and immunological basis for the development of insect cell-expressed VLP vaccines and for a potential bivalent VLP vaccine against both EV71-and CA16-associated HFMD. 
